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Abstract 

This  investigation  develops 
previous  flow  visualization 
studies^"'-*^'^^  by  quantifying  the 
flowfield  around  the  tandem  wing  of 
an  X-29  model  in  the  wake  of  an 
oscillating  canard.  The  local 
velocity  above  and  below  the  wing  was 
measured  with  the  canard  oscillating 
and  compared  to  the  cases  with  the 
canard  static.  A  structured 
disturbance  pattern  was  documented  in 
the  wake  of  the  oscillating  canard 
then  compared  to  the  random  flow 
pattern  behind  the  static  canard. 
Considering  the  dual  vortex  system 
shed  from  the  oscillating  canard,  the 
tip  vortex  dominates  the  flowfield, 
the  leading  edge  vortex  passes  well 
above  the  wing. 
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Nomenclature 

AOA  Model  Angle  of  Attack 
(referenced  to  the 
freestream  velocity) 

c  Canard  chordlength 

measured  at  midspan 
(c  =  6  inches) 

Voo  Freestream  tunnel  velocity 

K  Nondimensional  reduced 

frequency  parameter, 

U)C 

K  = 

2  Voo 

(1)  Rotational  frequency  (in 

radians  per  second) 

a  Canard  angle  of  attack 

(referenced  to  model 
center  1 i ne ) 

(Xn,  Mean  angle  of  attack  for 

canard 

ao)  Oscillation  amplitude  of 

canard  about 

4*  Nondimensional  oscillation 

cycle  (percent  of  the 
cycle  beginning  at  CX^^^) 
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Introduction 


Numerous  studies  on  forced 
unsteady  osci  Hat  ions ,  both 
experimental  and  theoretical,  have 
demonstrated  lift  enhancements 
derived  from  the  effective  control  of 
these  f lows . To  demonstrate 
the  practical  application  of  these 
flows,  an  invest iyaL ion  comparing 
flow  visualization  and  hotwire 
velocity  measurements  about  an  X-29 
model  was  conducted.  The  canard  is 
driven  through  small  amplitude 
oscillations  about  the  midchord  line. 
Previous  investigations  have 
demonstrated  the  practical 
application  of  large  amplitude 
oscillations  of  the  canard. The 
current  investigation  concentrates  on 
the  use  of  small  amplitude 
oscillations  which  are  feasible  in 
direct  application  to  advanced 
aircraft.  The  small  amplitude 
unsteady  flow  visualization  data  show 
flow  attachment  to  the  canard, 
similar  to  larger  amplitude 
oscillations,  at  angles  of  attack 
well  above  static  canard  stall. 
Furthermore,  the  canard  tip  and 
leading  edge  vortices  produce  a 
cyclic  effect  on  the  tandem  forward- 
swept  wing.  Hotwire  velocity 
measurements  were  taken  above  and 
below  the  wing,  at  conditions 
identical  to  the  flow  visualization 
data.  These  velocity  fluctuations 
illustrate  the  enhanced  velocity 
fields  about  the  tandem  wing  caused 
by  the  dynamic  motion  of  the  canard. 
These  velocity  measurements  quantify 
the  flow  field  about  the  tandem  wing 
and  support  hypotheses  developed  from 
the  flow  visualization.  Thus,  the 
dynamic  motion  of  the  canard  at 
smaller  amplitudes  produces  effects 
similar  to  the  larger  amplitudes 
while  preventing  excessively  heavy 
stresses  on  the  control  surface. 

Methods 


A  1/10-scale,  reflection-plane 
model  of  the  X-29  aircraft  (Fig.  1) 
was  installed  on  the  floor  of  the 
U.S.  Air  Force  Academy  3  x  3  ft. 
subsonic  wind  tunnel.  The  canard  was 
attached  to  a  "Scotch-yoke" 
oscillation  mechanism  which  was 
driven  by  a  variable  speed  motor 
(Fig.  2).  Minimum  and  maximum  canard 
angles  were  set  and  the  tunnel  was 
operated  at  25  ft/sec.  The  motor 
drove  the  canard  at  an  oscillation 
frequency  of  approximately  16  Hz 
which  gives  a  K-value  of  one.  A  reed 
switch  on  the  oscillation  mechanism 
produced  trigger  pulses  each  time  the 
canard  reached  maximum  O.  The 
nond imensional  oscillation  phase 
angle,  ♦  is  equal  to  0.0  when  the 
canard  was  at  the  maximum  angle  of 
attack  and  equal  to  1.0,  2.0  etc. 
when  the  canard  has  passed  through 
one  cycle  and  returned  to  Oiniax- 
After  applying  signal  conditioning  to 
this  trigger  pulse  to  produce  a  sharp 
transition,  the  signal  triggered  a 
computer  controlled  data  acquisition 
system  (DAS). 

A  hot  wire  positioned  in  the  flow 
measured  local  velocity  variations. 
Upon  canard  trigger,  the  DAS  accepted 
hot  wire  anemometry  data  for  four 
complete  canard  cycles,  at  a  rate  of 
256  samples  per  oscillation  period. 
This  process  was  repeated  50  times, 
each  time  triggering  at  the  same 
point  in  the  canard  cycle.  Hot  wire 
data  from  the  50  repetitions  were 
ensemble  averaged  by  the  DAS  to 
filter  system  noise,  leaving  only  the 
repetitious  variation  in  flow  speed 
as  an  output  signal.  The  local 
velocity  is  nond imens ional i zed  to  the 
freestream  velocity.  Dynamic  (canard 
oscillating  with  0^=  12°  and  a„=  5°) 
data  was  referenced  to  data  collected 
with  the  canard  static  at  u=  7,  12 
and  17  degrees.  The  entire  process 
was  repeated  with  the  hot  wire  2 
inches  above,  1  inch  above  and  1  inch 
below  the  tandem  wing  at  1/10  chord 
increments  starting  at  the  leading 
edge.  Two  vertical  planes,  identical 
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to  the  flow  visualization  experiments 
of  Ref.  14,  were  investigated 
downstream  of  the  canard  tip  and 
midspan . ( Fig  1 ) . 

Resul ts 

Figure  3  provides  a  visualization 
of  the  flow  phenomena  occurring  in 
the  vicinity  of  the  oscillating 
canard  and  tandem  wing  of  the  X-29 
model.  This  photograph  was  taken 
with  $  =  0.3*^^  and  shows  a  twin  vortex 
system  shed  by  the  oscillating 
canard.  The  first  vortex,  which  is 
shed  from  the  leading  edge  can  be 
seen  passing  above  the  tandem  wing 
just  forward  of  the  trailing  edge 
This  vortex  appears  to  have  little  or 
no  effect  on  the  flowfield  about  the 
tandem  wing.  The  second  vortex  is 
shed  from  the  canard  tip  and  can  be 
seen  impinging  on  the  leading  edge  of 
the  tandem  wing.  This  vortex  seems 
more  dominant  in  the  flow  field  about 
the  tandem  wing.  From  the  flow 
visualizations,  this  unsteady 
flowfield  is  shown  to  be  orderly  and 
repeatable.  The  temporal  and  spatial 
relationship  between  these  vortices 
show  in  the  visualizations  aid  in 
understanding  the  velocity 
fluctuations  recorded  by  the  hotwire 
probe . 

Figures  4a  and  6a  show  two- 
dimensional  plots  of  nondimens lonai 
velocity  vs.  phase  cycle,  with  $=  0.0 
on  the  left.  Dashed  lines  in  these 
figures  represent  the  standard 
deviation  of  the  local  velocity  for 
the  canard  static  case.  Figs.  4b  and 
6b  are  three-dimensional  plots  of 
chord  position  vs.  phase  cycle  with 
nond imens lonal  velocity  in  the 
vertical.  Note:  the  leading  edge  of 
the  wing  is  in  the  upper  left  of  the 
graph  and  4=  0  is  on  the  far  right. 

Hotwire  at  Midspan 

Fig.  4a  shows  hotwire  velocity 
traces  in  a  vertical  plane  with  the 
canard  midspan  and  2  inches  above  the 


tandem  wing.  Small  velocity 
fluctuations  can  be  seen  at  the 
leading  edge  and  midchord  stations, 
however  these  dissipate  by  the 
trailing  edge.  The  velocity  with  tlie 
canard  oscillating  is  nearly  equal  to 
the  static  case.  In  Fig.  6a,  the 
velocity  fluctuations  cause  "ridges" 
which  identify  high  velocity  regions 
and  convection  of  these  peaks  along 
the  chord.  These  ridges  also 
dissipate  before  reaching  the 
trailing  edge. 

Along  the  1  inch  plane  above  the 
wing,  the  leading  edge  station  shows 
a  more  cohesive  flow  pattern  with 
higher  velocity  fluctuations. 

Tracing  the  structure  from  the 
leading  to  the  trailing  edge,  a  phase 
shift  in  the  velocity  peak  denotes 
convection  of  the  upper  surface 
disturbance.  This  shift  is 
especially  noticeable  as  a  shift  in 
the  ridge  shown  in  Fig.  6a  for  1  inch 
above  the  wing. 

Completing  the  study  of  flow 
behind  the  midspan  of  the  canard  in 
Fig.  4a,  observations  at  i  inch  below 
the  wing  show  an  even  stronger 
velocity  flow  pattern  defining  the 
flowfield.  The  repeatability  is  very 
noticeable  as  well  as  the  phase 
shift.  Velocity  magnitudes  in  this 
region  are  generally  below  freestream 
values,  indicating  higher  pressures 
and  a  distinct  drop  in  local  velocity 
between  the  leading  edge  and  the 
midchord  station.  The  canard  static 
data  show  the  influence  of  canard 
stall  on  the  local  velocity  of  the 
tandem  wing.  With  0i=  7°,  the  canaid 
hasn’t  stalled  and  the  local  velr  .ty 
is  near  freestream,  while  at  12'^  and 
17°,  the  local  velocity  is  be ! uw 
freestream  due  to  the  wake  behind  the 
stalled  canard. 

Hotwire  at  J'rp 

Starting  at  2  inches  above  the 
tandem  wing  (Fig.  4b),  the  distinct 
repeatability  c,  the  flow  field  is 
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observed  over  the  tandem  wing  in 
plane  with  the  canard  tip.  Ensemble 
averaging  left  a  very  orderly  trace. 
This  orderly  trace  is  evidenced  by 
the  thin  clean  line  for  the  time- 
dependent  velocity,  especially  at  the 
trailing  edge. 

At  1  inch  above  the  wing,  the 
cyclic  nature  of  the  flowfield  is 
evident.  Notice  also  the  large  flux 
in  velocity,  suggesting  the  strong 
effect  of  the  cana''d  tip  vortex  seen 
in  Fig  3.  A  phase  shift  in  peak 
velocities  as  this  orderly  flowfield 
traverses  the  wing  is  evident  both  in 
Fig.  4b  and  5b.  Comparing  the 
leading  edge  and  midchord  positions. 
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The  data  shown  in  Figs.  4  and  5 
also  contain  static  local  velocity 
information.  Due  to  the  randomness 
of  flow  behind  a  stalled  surface, 
this  velocity  data  is  given  as  the 
mean  of  the  measured  velocity  (solid 
line)  and  one  standard  deviation 
(dashed  lines).  Through  a  comparison 
of  the  velocities  behind  the  static 
canard,  the  approximate  stall  angle 
can  be  determined.  Thus  with  the 
canard  at  0i=  7°,  the  flow  is  still 
attached  due  to  the  higher  measured 
velocity.  While  with  the  canard  at 
a's  of  12°  and  17°,  lower  velocities 
were  measured  due  to  the  region  of 
separated  flow  behind  the  stalled 
canard.  It  is  in  this  region  of  Oc’s 
that  an  oscillating  canard  can  be 
used  to  an  advantage. 

Discussion 

The  data  shown  in  Figs.  4  and  5 
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The  counterclockwise  flow  of  the 
tip  vortex,  (as  viewed  downstream 
from  the  nose  of  the  model), 
impinging  on  the  leading  edge  of  the 
wing  in  Fig.  3  would  cause  a  large 
increase  in  the  local  a  and  could 
lead  to  local  flow  separation  on  the 
wing.  Local  separation  could  explain 
the  large  drop  of  the  overall 
velocity  profile  measured  at  the 
hotwire  position  behind  the  canard- 
tip  at  the  midchord  and  trailing  edge 
positions  shown  in  Figs.  4b  and  5b. 

When  considering  the  flow  pattern 
at  the  canard  midspan,  the  "crank"  in 
the  wing  will  also  have  an  effect. 

The  large  velocity  fluctuations  on 
the  underside  of  the  midspan  could  be 
due  to  formation  of  a  vortex  due  to 
the  cyclic  downwash  change  about  the 
crank.  Thus,  the  crank  could  cause  a 
velocity  fluctuation  due  to 
streamwise  vorticity  and  warrants 
further  investigation.  This  effect 
was  visualized  in  ref.  18. 
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Conclusions 


References 


From  previous  investigations, 
large  amplitude  oscillations  of  the 
canard  provide  a  positive  effect  on 
the  flow  field  about  both  the  canard 
and  the  tandem  wing.  But  these  large 
amplitudes  may  not  have  a  practical 
aircraft  application.  Thus  the 
possibility  of  small  amplitude 
oscillations  were  investigated. 

Data  from  this  investigation  shows  a 
similar  benefit  at  a  more  practical 
condition.  The  flow  visualization 
(Fig.  3)  shows  the  canard  tip  vortex 
has  a  greater  effect  on  the  flow  over 
the  tandem  wing  than  the  leading  edge 
vortex.  The  quantitative  data 
confirms  the  largest  velocity 
fluctuations  are  behind  the  canard 
tip.  Thus,  the  tip  vortex  and  not 
the  leading  edge  vortex  dominates  tne 
flow'field  in  the  vicinity  of  the 
tandem  wing. 

From  previous  studies,  one  can  see 
the  positive  effect  of  oscillating  a 
canard  as  the  flow  will  stay  attached 
past  the  static  stall  a.  This  study 
has  shown  some  effects  of  oscillating 
a  canard  on  the  flow  field  near  the 
tandem  wing.  But  the  data  from  this 
study  does  not  provide  conclusive 
evidence  as  to  a  positive  effect  on 
the  tandem  wing  due  to  the  canard's 
oscillation  and  warrants  further 
study. 

Finally,  the  effects  of  the  cyclic 
loading  of  the  tandem  wing  due  to  the 
flow  field  induced  by  the  oscillating 
canard  could  have  some  structural 
consequences  and  also  deserves 
further  study. 
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